Summary. To visualize the entire shape of the intraepithelial nerve fibers, whole mount preparations of the dog urethra were produced and immunostained with an antiserum against CGRP, one of the predominant substances contained in the nerves.
Calcitonin gene-related peptide (CGRP) is one of the bioactive peptides which are widely distributed both in the central and peripheral nervous systems (RosEN-FELD et al., 1983; KAWAI et al., 1985; ISHIDA-YAMA-MOTO and TOHYAMA, 1989) . In the peripheral organs, the tracheopulmonary, gastrointestinal and genitourinary tracts as well as the skin have been reported to be densely innervated by CGRP-Immunoreactive fibers (ISHIDA-YAMAMOTO and TOHYAMA, 1989) . Among peptidergic nerves in the peripheral nervous system, the CGRP fibers are characterized by their preferential occurrence within the epithelium. Intraepithelial CGRP-Immunoreactive fibers have been documented in various organs, except for the gastrointestinal tract, and have been generally recognized as afferent fibers.
In the urinary tract, CGRP-Immunoreactive nerve fibers are densely distributed in the muscle layer of the renal pelvis, ureter and bladder (SU et al., 1986; GEPPETTI et al., 1988; SANTICIOLI et al., 1988; TAMAKI et al., 1992) . Intraepithelial CGRP fibers are found in these tissues, though less numerously than in the respiratory organs. Our previous immunohistochemical study using dog urethra demonstrated numerous CGRP-Immunoreactive nerve fibers in the epithelium (IWANAGA et al., 1985) . Although we recorded their complicated running patterns, the need for further detailed observation remains.
Whole mount preparations are useful specimens for the analysis of innervation in peripheral organs. To our knowledge, no one has previously attempted to produce the whole mount preparations of the urethra. The present study overcame technical difficulties and succeeded in making preparations which revealed the entire distribution and structure of CGRP-immunoreactive fibers in the dog urethra. The urethral mucosa is rich in serotonin-containing endocrine cells (HAKANSON et al., 1974; . Their distribution and relationship with the CGRP fibers will also be reviewed in this study using the whole mount preparations.
CGRP and tachykinins, which both are contained in the primary sensory neurons, have been considered afferent transmitters.
However, it has recently been revealed that these neuropeptides are locally released in response to capsaicin treatment and that they regulate muscular tone and vascular permeability when exogenously applied in vivo and in vitro (GAMSE, et al., 1980; ROSELL, et al., 1981; LEMBECK et al., 1982; MAGGI et al., 1987; AMANN et al., 1988) . The "afferent and efferent" function of these nerves has been accounted for either by a possible dual function of one and the same nerve terminal, or by a presumed axonal reflex (cf. ISHIDA-YAMAMOTO and TOHYAMA, 1989) . The present study in dog urethra, using whole mount preparations, will present a morphological basis favoring the axonal reflex hypothesis.
MATERIALS AND METHODS
Fifteen male adult mongrel dogs, weighing 8-16kg, were used in this study. Under anesthesia with an intravenous injection of sodium pentobarbital (30 mg/kg), the urethra, attached with the bladder neck, was dissected out.
Specimens were longitudinally opened on their dorsal side and immersed in a cold paraf ormaldehyde solution (4% w/v in a phosphate buffer, pH 7.4) for about 20h. The mucosa including the epithelium and lamina propria was carefully dissected under a dissecting microscope. After being rinsed in PBS, the tissues were processed for immunostaining of floating sections. Endogenous peroxidase activities were blocked by treatment with 1% hydrogen peroxide in methanol, followed by staining by the streptoavidinbiotin (SAB) method.
The whole mount preparations were exposed for 48h to either a rabbit anti-CGRP serum (RPN 1842; Amersham, Buckinghamshire, England) or a rabbit anti-serotonin serum (NISHIITSUTSUJI-UWO et al., 1984) diluted in 1:6,000 and 1:10,000, respectively.
For the simultaneous staining of CGRP and serotonin, the whole mount specimens were incubated with a mixture of both antisera. When the preparations were mounted on glass slides, the epithelium was oriented facing up.
For cryostat sections, various regions of the urethra were immersed in a 0.1M phosphate buffer containing 30% sucrose after fixation. Cryostat sections, 20um in thickness, were prepared by means of a Coldtome (Sakura, Tokyo, Japan) and processed for the SAB method mentioned above.
The specificity of the immunoreaction was checked by preincubation of the antiserum with synthetic CGRP (10ug/ml diluted antiserum; Peptide Institute Inc., Osaka, Japan). Part of the specimens were counterstained with hematoxylin.
RESULTS
In the whole mount preparations of the urethra, CGRP-immunoreactive nerve fibers were clearly shown to form a dense plexus extending in the epithelium and subepithelial connective tissue (Fig. 1) . The nerve plexus spread broadly from the vesicourethral junction to the external urethral ostium, but the density of the nerve fibers differed markedly according to region. The CGRP-immunoreactive fibers were most densely distributed between the prostatic urethra and intercrucial urethra, decreasing in number in the more distal urethra. Immunoreactive nerve fibers were also present in the bladder neck, though fewer than in the prostatic urethra. The CGRP-immunoreactive nerve fibers in the connective tissue tended to run longitudinally along the urethral axis, while in the intraepithelial region they coursed irregularly (Fig. 1) .
The immunoreactive fibers in the connective tissue were smooth-surfaced, i. e., not beaded, their immunoreactivity being considerably weak. As the nerve fibers approached the epithelium, they became beaded in appearance and intense in immunoreaction (Figs. 2-4) . Intraepithelial fibers showed typical varicose profiles and took complicated, winding courses. They branched repeatedly, keeping the same diameter of the fibers, to form a coarse network of beaded fibers (Fig. 2 ). As such a beaded portion of nerve fibers is now being widely accepted as representing the secretory (i. e., terminal) area of a neuron as will be dealt with in discussion, the network of this type of fiber demonstrated here will be designated a "reticular terminal". This term is proposed in order to distinguish it from another type of terminal described below.
The network of the nerve fibers, however, was not a genuine reticulum, as the fibers did not anastomose each other, but crossed over each other at different levels. Swollen portions of the beaded fibers possessed more intense immunoreactivity for CGRP than slender portions (Figs. 3, 4) . The swellings were irregular in size along a running course, larger ones occurring more frequently at their tips (Fig. 4) ; we could observe huge swellings exceeding the size of the nuclei of the epithelial cells. The intraepithelial fibers usually took tortuous courses in the epithelium, some being coiled or glomerular.
That such fibers taking complicated running courses are located within the epithelium could be confirmed in cryostat sections of the urethra (Fig. 10) . The CGRP-immunoreactive nerve fibers mostly terminated with a round end within the epithelium, although some fibers made a hairpin turn apparently reaching the urethral lumen, as demonstrated in the cryostat sections. No neuronal somata with the CGRP immunoreactivity were found within the urethral epithelium or the lamina propria.
Besides the reticular nerve terminals mentioned above, another type of nerve terminal tentatively called the "bouquet-like terminals" were found in the urethral epithelium (Figs. 5-7). They consisted of thin fibers with weak CGRP-immunoreactivity, branching dendritically or radially to cover limited areas. The immunoreactive fibers in the bouquet-like terminals were relatively smooth in profile; only at their distal portions did they appear vesicular due to small periodical swellings. The entire profile of the terminal thus reminds us of a bundle of mimosa. The vesicular swellings in the bouquets were by far smaller in size and also less intense in immunoreaction than the swellings in the reticular terminals. Some of the bouquetlike terminals were smooth in fiber profiles, lacking any swellings along their whole length (Fig. 7) .
Observation of the whole mount preparations on a camera lucida proved that the two types of nerve terminals-reticular and bouquet-like-were derived from a single nerve trunk (Figs. 8, 9 ). It was noted that the two types of nerve terminals, though originating from the same trunk, occupied different areas in the epithelium and never intermingled or overlapped with each other. The bouquet-like terminals exceeded the reticular ones in number, occupying even more than 90% of all terminals in some cases. However, each bouquet was smaller than the individual reticular terminal in the extent of its territorial area, namely 0.001-0.01mm2 versus 1-10mm.
Endocrine cells
As reported , numerous serotonin-immunoreactive cells (paraneurons) are extensively present from the internal to the external urethral orifice. This finding was confirmed by the present study using the whole mount preparations. The serotonin-immunoreactive cells extended slender and apical processes which reached the luminal surface, as the studies of tissue sections indicated . Besides the serotonin cells, paraneurons containing CGRP immunoreactivity were occasionally observed in the prostatic urethra. These cells were smaller in size than the serotonin cells and distributed only sparsely in the epithelium. They were rather rounded in shape, the cytoplasmic proc- Fig. 8 and 9 . CGRP-immunoreactive terminals originating from a single nerve trunk in the prostatic urethra. Fig. 9 is a camera lucida drawing of the same view. One reticlular terminal with extensive distribution is connected with three bouquet-like terminals (arrows). ess being not so conspicuous as compared with the serotonin cells.
The topographical relationship between the serotonin-immunoreactive paraneurons and CGRP-immunoreactive nerve fibers could be clearly observed in the whole mount preparations (Fig. 11) . The serotonin cells were numerous in the region where the CGRP nerve fibers densely occurred. The serotonin cells were located very close to the CGRP fibers; the cells and fibers frequently crossed in the whole mount preparations. It was not clear whether the paraneurons and the nerve fibers were synaptically connected or merely approached each other. portions of nerves engaged in secretion of this signal peptide. On the other hand, the bouquet-shaped terminals with or without the tiny vesicular swellings different from the typical varicosities may represent receptive portions of the nerves rather than secretory ones, although the nature of the tiny vesicular swellings remains to be clarified by electron microscopy. Recently some researchers have come to believe that some sensory neurons distributed in the skin, mucous membranes and certain organs may release their neurosubstances from their dendrites, which thus play the roles of both sensory and secretory terminals (MAGGI and MELI, 1988) . This nature was designated as "dendritic secretion" by FUJITA et al. (1988) . It has been recently shown that sensory neurons containing CGRP and SP in the genitourinary tract release these peptides from their dendrites after the application of capsaicin (HUA and LUNDBERG, 1986; HUA et al., 1987; AMANN et al., 1988; SANTICIOLI, et al., 1988) . Concerning the mechanism of the dendritic secretion, i. e., "efferent" function of the afferent nerve fibers as proposed in peripheral SP/CGRP-containing nerve fibers, the following two hypotheses have been put forth (ISHIDA-YAMAMOTO and TOHYAMA, 1989): 1) A mechanism via an axon reflex; in which a free nerve ending receives stimulation, which is a conferred to an axon collateral to release signal substances from the varicose portion of the collateral.
2) The dual function of a single nerve fiber; where a varicose nerve terminal receives stimulation and, subsequently, the same portion releases signal substances.
Both hypotheses have lacked morphological evidence. The present study supports the first hypothesis that the axon reflex from the bouquet-shaped to the reticular terminal portion might be involved in the "afferent-efferent" function in the urethral nerves (Fig. 12) .
CGRP and SP have been demonstrated to be colocalized in primary sensory neurons distributed in many tissues (GIBBINS et al., 1985 (GIBBINS et al., , 1987 . This colocalization was shown by us to occur also in the nerves of the canine urethra (IwANAGA et al., 1985) . What was described above concerning the release of CGRP from the urethral nerve terminals, therefore, should hold true also for the release of SP; both peptides are believed to be co-released. SP has been proved to be a mediator of vasodilation and plasma extravasation (or elevated vascular permeability), causing neurogenic inflammation (GAMSE et al., 1980; ROSELL et al., 1981; LEMBECK et al., 1982; KENINS et al., 1984) . CGRP also has a vasodilative effect on elevating the blood flow, resulting in the progress of neurogenic inflammation (GAMSE and SARIA, 1985) . It seems therefore reasonable to suggest that the nociceptive nerve fibers containing CGRP and SP in the subepithelial layer of the dog urethra are closely related to the neurogenic inflammation, since a vascular system is developed there. In fact, the involvement of these fibers in the urethral inflammation has been recently reported (NORDLING et al., 1990) . However, its direct effects upon the urethral epithelium remains unclear.
In our previous studies we suggested the existence of complicated running courses of the SP/CGRPimmunoreactive nerve fibers in the canine urethra, especially in its epithelium; in conventional tissuesections, however, we could not clarify their entire shape. The whole mount preparations used in this study enabled the first overall visualization of the intraepithelial CGRP-immunoreactive nerve fibers and their topographical relationship to endocrine cells.
Early silver-impregnation studies using frozen sections have demonstrated that the urethral epithelium is heavily innervated (OKI, 1958; ABE, 1960) . The nerve fibers were reported to be essentially smooth surfaced, largely differing from the beaded fibers of the reticular nerve terminals shown in the present study. OKI (1958) classified the intraepithelial nerve fibers of the dog urethra into simply branched and complexly branched fibers; the latter might corre- spond to our bouquet-like nerve terminals, although it is difficult to compare the nerve fibers in OKI''s frozen sections and those demonstrated in our whole mount preparations.
The sensory nature of the silver-impregnated nerves in the urethral epithelium has been suggested on the morphological basis of their terminal formation: they branched out and terminated as free nerve endings (OKI, 1958; ABE, 1960) . Our research group (IWANAGA et al., 1985) immunohistochemically demonstrated that the intraepithelial fibers in the dog urethra contained both SP and CGRP, which are predominant transmitters of primary sensory neurons (GIBBINS et al., 1985 (GIBBINS et al., , 1987 .
The urethral epithelium in human males and females; and in some mammals contains numerous "clear cells" (FEYRTER, 1951 (FEYRTER, , 1953 , most of which are chromaffin and contain serotonin (DIxON et al., 1973; HAKANSON et al., 1974; IWANAGA et al., 1987) . HANYU et al. (1987) reported the frequency of the occurrence of the serotonin-immunoreactive cells in the canine urethra of both sexes. The "clear cells" in the urethra comprise the cells to be categorized into paraneurons according to their cell-biological features. The occurrence of these cells here reflects the developmental derivation of the urethra from the intestinal endoderm, where paraneurons, as "clear cells", are dispersed as chemosensory and endocrine cells.
The present study confirmed the occurrence and distribution of the paraneuronal cells in the canine urethral epithelium using the whole mount preparations : they are most numerous in the prostatic urethra, and decrease in the more distal urethra. Most of the cells in question are serotonin-immunoreactive, but some others were first shown in the study to be CGRP-immunoreactive.
The CGRP-immunoreactive endocrine cells differ in shape and number from the serotonin-immunoreactive ones, suggesting that more than two types of paraneuronal cells are present in the epithelium. The CGRP-immunoreactive nerve fibers and serotonin-immunoreactive cells, similar in distribution pattern, were closely located. It is most probable that they may be functionally related to each other. Either one or both of the afferent and efferent interrelations may be postulated between the neuronal and paraneuronal elements. As a first possibility, the nerve fibers may exert regulating effects upon the paraneurons by using their CGRP as a transmitter or modulator. The occurrence of synaptic connections could not be demonstrated in the present technique, but the close topographic relation of both elements suggests that the nerves at least form "synapses en passant". A second possibility is that the paraneurons may receive the luminal stimuli and transmit excitation to the underlying nerves. This afferent function possibly performed by an urethral paraneuro-neural complex, which well correspond to the function of the neuroepithelial body in the lung (LAUWERYNS and COKELAERE, 1973) 114: 61-66 (1985) . GAMEE, R., P. HoLZER and F. LEMBECK: Decrease of substance P in primary afferent neurones and impairment of neurogenic plasma extravasation by capsaicin. Brit. J. Pharmacol. 68: 207-213 (1980) . GEPETTI, P., F. STEFANIA, D. RENZI, P. SANTICIOLI, C. A.
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